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We describe features that could be observed in the line spectra of relic cosmological particles
should quantum nonequilibrium be preserved in their statistics. According to our arguments, these
features would represent a significant departure from those of a conventional origin. Among other
features, we find a possible spectral broadening that is proportional to the energy resolution of the
recording telescope (and so could be much larger than any conventional broadening). Notably, for
a range of possible initial conditions we find the possibility of spectral line ‘narrowing’, whereby
a telescope could observe a line that is narrower than it is conventionally able to resolve. We
discuss implications for the indirect search for dark matter, with particular reference to some recent
controversial spectral lines.
I. INTRODUCTION
In the de Broglie-Bohm pilot-wave interpretation of
quantum theory [1–5], the Born probability rule has been
shown to arise dynamically in much the same way as ther-
mal equilibrium arises in classical physics [6–13]. States
that obey the Born rule are called ‘quantum equilibrium’,
states that violate the Born rule are called ‘quantum
nonequilibrium’, and the process by which the former
emerge from the latter is called ‘quantum relaxation’.
Since quantum nonequilibrium is by definition observably
distinct from conventional quantum theory, and so pro-
vides a means by which the de Broglie-Bohm theory could
be discriminated from other interpretations of quantum
theory, attempts have been made in recent years to pre-
dict how quantum nonequilibrium might reveal itself in
contemporary experimentation [8, 14–21]. A discovery
of quantum nonequilibrium would not only demonstrate
the need to re-evaluate the canonical quantum formal-
ism, but also generate new phenomena [22–25], poten-
tially opening up a large field of investigation.
It has been conjectured that the universe could have
begun in a state of quantum nonequilibrium [6–8, 22, 26,
27], or that exotic gravitational effects may even generate
nonequilibrium [14, 17, 28, 29]. However, since relaxation
to quantum equilibrium occurs remarkably quickly for
sufficiently interacting systems [9, 12, 30], it is expected
that in all but the most exceptional circumstances, any
quantum nonequilibrium that was present in the early
universe will have subsequently decayed [6, 7, 22, 26]. It
may be said that, if de Broglie-Bohm theory is correct,
then the universe has already undergone a sub-quantum
analogue of the classical heat death [7, 8, 22]. Neverthe-
less, data from the cosmic microwave background (CMB)
do provide a possible hint for the past existence of quan-
tum nonequilibrium, in the form of a primordial power
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deficit at large scales (as initially reported [31] and subse-
quently confirmed [32] by the Planck team). It has been
argued that such a deficit is a natural prediction of de
Broglie-Bohm theory [17], though of course the observed
deficit may be caused by something else (or be a mere
statistical fluctuation as some argue). Recently, predic-
tions regarding the shape of the power deficit have been
made [20] and are currently being compared with CMB
data [21]. Primordial quantum nonequilibrium also of-
fers a single mechanism that could account for both the
CMB power deficit and the CMB statistical anisotropies
[33]. At present these are of course only hints.
Potentially it is also possible that quantum nonequilib-
rium may have been preserved for some species of relic
particle [8, 14, 15, 19]. If, for instance, a relic parti-
cle species decoupled sufficiently early in the primordial
universe, and if it were sufficiently minimally interacting
thereafter, there is a possibility that it may still retain
nonequilibrium statistics to this day. A previous article
[19] explored various different means by which quantum
nonequilibrium may be preserved for relic particles. An
assessment of the likelihood of such scenarios requires,
however, knowledge of assorted unknown contributing
factors–the properties of the specific relic particle species,
the correct primordial cosmology, and the extent of the
speculated initial nonequilibrium. Even so, an actual de-
tection of relic nonequilibrium could occur if it had clear
and unmistakable experimental signatures. The purpose
of this paper is to describe such signatures in an astro-
physical context.
As discussed in [19], it is natural to consider signa-
tures of relic nonequilibrium in the context of the indirect
search for dark matter. For the reasons described in sec-
tion II we focus on the search for a ‘smoking-gun’ spectral
line. We present a field-theoretical model of spectral mea-
surement intended to act as an analogue of a telescopic
photon detector (for example a calorimeter or CCD).
Whilst the model is admittedly simple, and is certainly
not a realistic representation of an actual instrument, it
does capture some key characteristics and demonstrates
the essential difference between conventional spectral ef-
2fects and those caused by quantum nonequilibrium.
Due to the exotic nature of quantum nonequilibrium,
the spectral effects we describe are something of a de-
parture from those of a classical origin. For instance,
according to our arguments the amount of spectral line
broadening depends on the energy resolution of the tele-
scope’s photon detector. Lines may acquire double or
triple bumps, or as we shall discuss, more exotic pro-
files. Notably, there also exists the possibility of spectral
line ‘narrowing’–the spectral line appears narrower than
the telescope should conventionally be capable of resolv-
ing. Aside from experimental error, we are unaware of
any other possible cause of this final signature, which
could (if observed) constitute strong evidence for quan-
tum nonequilibrium and the de Broglie-Bohm theory. If
a source of such a nonequilibrium signal were detected
and could be reliably measured, a final definitive proof
could be arrived at by subjecting the signal to a specifi-
cally quantum-mechanical experiment as, for example, is
described in Ref. [23].
Our paper is organised as follows. In section II we ex-
plain why we have chosen to focus on spectral lines. We
summarise what appears to be the essential difference
between conventional spectral effects and those caused
by quantum nonequilibrium, and why this is particu-
larly relevant for spectral lines. We also provide some
background helpful to our analysis. Finally, we present
an idealised and parameter-free field-theoretical model
of a spectral measurement of the electromagnetic field,
which is used to represent a telescope photon detector.
In section III we present the pilot-wave description of
the model and provide explicit calculations showing the
result of introducing quantum nonequilibrium. In our
concluding section IV we outline the phenomena that we
judge the most likely to betray the presence of quantum
nonequilibrium in spectral lines, and we discuss possible
implications for the indirect search for dark matter with
reference to three recent controversial spectral features.
II. MODELLING A TELESCOPE X/γ-RAY
PHOTON DETECTOR
Relaxation to quantum equilibrium is thought to pro-
ceed efficiently for systems with sufficiently complicated
quantum states [9, 12, 30]. For everyday matter there-
fore, with its long and violent astrophysical history, it
is expected that quantum nonequilibrium will have long
since decayed away. As discussed in Ref. [19], however,
for more exotic particle species that decouple at very
early times there exist windows of opportunity whereby
quantum nonequilibrium could have been preserved. It is
then not inconceivable that dark matter may still exhibit
nonequilibrium statistics today, should it take the form
of particles that indeed decoupled very early. The search
for dark matter is therefore a natural choice of context
for the discussion of relic quantum nonequilibrium. For
the reasons detailed below, we focus our discussion on
the search for a ‘smoking-gun’ spectral line by X/γ-ray
space telescopes. Such a line could, for example, be pro-
duced in the γ-ray range by the XX → γγ annihilation
of various WIMP dark matter candidates [34–38] or in
the X-ray range by the decay of sterile neutrinos [39, 40].
Recent searches have been carried out in the γ-ray range
by Refs. [41–48] and in the X-ray range by Refs. [49–52].
Although dark matter does not interact directly with the
electromagnetic field and so these processes are typically
suppressed, it has long been argued that the detection
of such a line may be among the most promising meth-
ods available to discover the nature of dark matter [34].
Primarily this is because WIMP XX → γγ annihilation
would create two photons of energy Eγ = mWIMP and
single-photon sterile neutrino decay would create pho-
tons of energy Eγ = ms/2. The resulting spectral lines
would hence yield the mass of the dark matter parti-
cle in addition to its spatial location. The hypotheti-
cal lines would furthermore appear with only very mini-
mal (mostly Doppler) broadening (∼0.1% of Eγ) helping
them to be distinguished from the background [40, 53].
The search for such dark matter lines is also, arguably,
a promising context in which to consider possible sig-
natures of relic quantum nonequilibrium. As discussed
in Ref. [19], field interactions have the effect of transfer-
ring nonequilibrium from one quantum field to another.
This means that, if a nonequilibrium ensemble of dark
matter particles annihilates or decays in the manner de-
scribed, we may reasonably expect some of the nonequi-
librium to be transferred to the created photons. If these
photons subsequently travel to a telescope without scat-
tering significantly, they could retain the nonequilibrium
until their arrival at the telescope. As a result, we may
focus on modelling the interaction of the detector with
nonequilibrium photons, rather than considering interac-
tions of (as yet unknown) dark matter particles. That the
putative photons are in the X/γ-ray range is relevant as
modern X/γ-ray telescopes are capable of single photon
detection–an inherently quantum process. (In particular,
γ-ray telescope calorimeters are designed more like par-
ticle physics experiments than traditional telescopes.) A
model of such a detector need only describe the measure-
ment of individual photons, affording a useful simplifica-
tion.
A. Role of the energy dispersion function
The hypothetical photon signals are close to mono-
energetic, suffering only ∼0.1% broadening from conven-
tional sources [40, 53]. This is significant for our discus-
sion, as we shall now explain. When a photon of energy
Eγ arrives at a real telescope, the telescope photon de-
tector may record a range of possible energies. These
possible energy readings are distributed according to the
detector’s energy dispersion function, commonly denoted
D(E|Eγ) (see for example Refs. [54, 55]). This is approx-
imately Gaussian, centred on the true energy, and with
3a spread quantified by the detector’s energy resolution
∆E/Eγ . (See for instance section 7 and figure 67 in Ref.
[54].) If a telescope receives photons distributed with a
true spectrum ρtrue(Eγ), it will observe a spectrum
ρobs(E) =
∫
D(E|Eγ)ρtrue(Eγ)dEγ (1)
that is convolved by D(E|Eγ). Conventional spectral ef-
fects, such as the ∼0.1% Doppler broadening expected in
the annihilation/decay lines, alter the energy of the sig-
nal photons and hence the true spectrum ρtrue(Eγ). This
is not true of quantum nonequilibrium however. In de
Broglie-Bohm theory, the system configuration does not
affect the standard Schro¨dinger evolution of the quan-
tum state [5]. Photons will hence arrive at the telescope
with the same quantum states (and the same associated
energy eigenvalues) as they would have in the absence of
quantum nonequilibrium. Instead, as we shall see, quan-
tum nonequilibrium affects the statistical outcomes of
quantum interactions between the photons and the tele-
scope. Thus, quantum nonequilibrium alters the detec-
tor’s energy dispersion D(E|Eγ) and not ρtrue(Eγ). This
is the essential difference between conventional spectral
effects and those caused by quantum nonequilibrium. Of
course, since both ρtrue(Eγ) and D(E|Eγ) enter into the
integrand of Eq. (1), both kinds of effects contribute to
the observed spectrum ρobs(E). The relative size of these
contributions may, however, depend strongly on the con-
text.
To illustrate this last point, consider the observation
of a spectral line ρtrue(Eγ) = ρline(Eγ) according to Eq.
(1) in two separate regimes. First, consider a ‘high’
resolution instrument in which ∆E/Eγ (the width of
D(E|Eγ)) is significantly smaller than the width of the
signal line ρline(Eγ). In this case it is appropriate to
make the approximation D(E|Eγ) ≈ δ(E − Eγ), and so
the observed spectrum (1) closely approximates the true
signal spectrum, ρobs(E) ≈ ρline(E). Thus a high res-
olution telescope may resolve the profile of the signal
line. In this regime, any moderate (order unity) alter-
ations that quantum nonequilibrium makes to D(E|Eγ)
will be sub-dominant in the observed spectrum. Sec-
ond, consider a ‘low’ resolution telescope for which the
width ∆E/Eγ of the energy dispersion function D(E|Eγ)
is significantly larger than the width of the signal line.
For this case the appropriate approximation is instead
ρline(Eγ) ≈ δ(Eγ − Eline), and so the observed spectrum
(1) closely approximates the instrument’s own energy
dispersion distribution, ρobs(E) ≈ D(E|Eline). In this
second regime conventional broadening is not resolved,
whereas moderate changes inD(E|Eline) (perhaps caused
by quantum nonequilibrium) would be directly observed.
We may draw the remarkable conclusion that quan-
tum nonequilibrium will be more evident in telescopes
of low energy resolution. With regards to the hypothet-
ical WIMP and sterile neutrino lines with ∼0.1% con-
ventional (Doppler) broadening mentioned above, cur-
rently operational telescopes are within the low resolu-
tion range. For example, the Fermi Large Area Tele-
scope (LAT) has a resolution of ∆E/Eγ ∼ 10% [54]1.
Indeed, if quantum nonequilibrium produced moderate,
order unity changes in the Fermi-LAT energy dispersion
distribution D(E|Eγ), these changes would appear ∼100
times larger than the expected Doppler broadening of the
hypothetical annihilation line in the observed spectrum.
B. Idealised model of a photon detector
To explore the potential consequences of quantum
nonequilibrium, we now introduce an idealised, field-
theoretical, and parameter-free model of a telescope pho-
ton detector. We base our model on the standard de
Broglie-Bohm pilot-wave description of von Neumann
measurements [4], which is more commonly applied to
discrete spectra. As we shall explain, when applied to a
continuous (energy) spectrum, a dispersion distribution
D(E|Eγ) and a resolution ∆E/Eγ naturally arise. To
model a photon detector, we model a measurement of
the electromagnetic field, in which we assume only one
photon is present at a time. To avoid complications as-
sociated with the localisability of photons, we take elec-
tromagnetic field to be quantised within a region that
loosely corresponds to the body of the instrument. For
each photon, a single energy is recorded. Over the course
of the experiment, many such readings are taken and the
resulting set of values may be compared with model spec-
tra for the purposes of hypothesis testing.
For the measurement of an observableA with a discrete
and non-degenerate spectrum, a standard de Broglie-
Bohm measurement proceeds as follows. A system with
wave function ψ(q) is coupled to a pointer with wave
function φ(y). A commonly used interaction Hamilto-
nian is
HI = gApy, (2)
where py is the conjugate momentum operator of the
pointer and g is a coupling constant. The measurement
process is taken to begin at t = 0 and, prior to this, the
coupling constant g is taken to be zero. Thereafter, g is
taken to be large enough to ensure that the subsequent
evolution is dominated by the interaction Hamiltonian.
With this stipulation, the Schro¨dinger equation takes the
simple form
∂tΨ = −gA∂yΨ (3)
for the duration of the measurement. Since the spec-
trum of A is assumed discrete and non-degenerate, the
1 The earlier (1990s) EGRET γ-ray telescope had a resolution of
∼20% [56] and the 2015-operational CALET and DAMPE γ-ray
telescopes achieve ∼2% [57, 58]. These are also in the low reso-
lution regime for a possible WIMP line with 0.1% broadening.
4system wave function may be decomposed as ψ(q) =∑
n cnψn(q), where cn are arbitrary coefficients and
ψn(q) are eigenstates of A with the eigenvalues an. The
system evolves as
ψ(q)φ(y)→
∑
n
cnψn(q)φ(y − gant). (4)
The outcome probability of the experiment is determined
by the effective distribution of the pointer y–the marginal
Born distribution (hereby called the measured distribu-
tion), ρmeas(y) :=
∫ |Ψ(q, y)|2dq. Initially the different
terms in the sum (4) overlap in configuration space, pro-
ducing interference in the measured distribution. Over
time each component moves at a speed proportional to
its eigenvalue an. If the pointer is prepared in a localised
state (perhaps a Gaussian), then after a sufficient time
(deemed the duration of the measurement) the measured
distribution will become a sum of non-overlapping terms,
ρmeas(y) =
∑
n
|cn|2|φ(y − gant)|2, (5)
and will no longer exhibit interference. Hence, at the
end of each measurement, the pointer is found in one of
a number of disjoint regions that correspond to the non-
overlapping terms in Eq. (5). In the absence of quantum
nonequilibrium, there is a |cm|2 chance of finding the
pointer in the mth region. If a single measurement con-
cludes with the pointer in the mth region, this implies a
measurement outcome of the corresponding eigenvalue,
am. The discrete spectrum, |cn|2, may then be recon-
structed by repeated measurements over an ensemble.
According to textbook quantum mechanics, quantum
state collapse occurs at the end of each measurement in
order to ensure that the pointer is found in a single one
of the disjoint regions. In the de Broglie-Bohm account,
the system (which always occupies a definite position in
configuration space) is simply found in one of the regions,
with no need for any non-unitary evolution. Instead an
‘effective collapse’ occurs as, once the components of the
wave function (4) have properly separated, subsequent
evolution of the system configuration is determined solely
by the component that contains the configuration.
This formulation accounts only for the measurement of
observables with discrete spectra. One cannot associate
disjoint regions in y to eigenvalues on a continuous (en-
ergy) scale. Instead, given a particular pointer position,
the energy of the incident photon must be estimated.
The model photon detector measures the total (normal-
ordered) Hamiltonian of the free-space electromagnetic
field :HEM:, so that in place of Eq. (2) the interaction
Hamiltonian is
HI = g:HEM:py. (6)
For an initial single-photon state |Eγ〉, the state evolution
becomes simply
|Eγ〉 |φ(y)〉 → |Eγ〉 |φ(y − gEγt)〉 . (7)
Although the photon has an exact energy, the quantum
uncertainty in the initial position of the pointer produces
uncertainty in the pointer position at any later time. The
probability density of finding the pointer at a position y
is given by
ρmeas(y, t) = |φ(y − gEγt)|2. (8)
If this ‘measured distribution’ were known, then one
could correctly infer the true photon energy Eγ . In a
single measurement, however, the pointer is found at a
single position that is distributed as ρmeas(y, t). The best
estimate of the true energy is that which was most likely
to have caused the observed pointer position. Taking the
initial pointer wave packet |φ(y)|2 to be Gaussian and
centred at y = 0, this amounts to assigning the energy
E = y/gt. (9)
The energy dispersion function D(E|Eγ) is the distri-
bution of possible energy values recorded by the instru-
ment given the true energy Eγ . If the pointer packet has
initial variance σ2y, the distribution of measured pointer
positions (8) may be translated into the distribution of
recorded energies (9), giving
D(E|Eγ) = 1√
2pi
gt
σy
e
− 1
2
(
gt
σy
)
2
(E−Eγ)
2
. (10)
Since this is a Gaussian, the energy resolution (the half-
width of the fractional 68% containment window) is sim-
ply the fractional standard deviation,
∆E
Eγ
=
σy
gtEγ
. (11)
For hypothesis testing, we need to know the spectrum
we expect to observe for each potential true spectrum
ρtrue(Eγ) . This is given by the convolution (1), that for
our model becomes
ρobs(E) =
∫ ∞
0
ρtrue(Eγ)
1√
2pi
gt
σy
e
− 1
2
(
gt
σy
)
2
(E−Eγ)
2
dEγ ,
(12)
which is a simple ‘Gaussian blur’ (or Weierstrass trans-
form) of the true spectrum.
The duration t of the measurement appears in the de-
nominator of Eq. (11). Thus, in a sense the precision of
the energy reading improves with the run time. But t
appears only as a factor in the quantity gt, so a larger
coupling constant would also improve the precision. In
section III it will be useful to rescale the pointer vari-
able y in terms of its initial standard deviation σy, where
it turns out that σy appears only in the quantity gt/σy.
Thus a narrower pointer packet will also improve the pre-
cision. With this in mind, we define the rescaled time
variable
T =
gtEγ
σy
=
(
∆E
Eγ
)−1
, (13)
5where ∆E/Eγ = 1/T is the resolution of the telescope.
The variables g, σy and t are the only free parameters
in this model. The definition (13) allows their replace-
ment with the single easily interpreted quantity T . Thus,
for instance, the model may reproduce a roughly EGRET
resolution of 20% at T = 5, a roughly Fermi-LAT resolu-
tion of ∼10% at T = 10 or a roughly CALET/DAMPE
resolution of ∼2% at T = 50.
The true energy Eγ is included in the definition (13) so
that the rescaled time T is exactly the reciprocal of the
energy resolution (11)–no matter the true energy of the
incident photon. Consequently, the effects of quantum
nonequilibrium we describe in section III are independent
of the energy of the spectral line.
III. NONEQUILIBRIUM SPECTRAL LINES
As discussed in section II, we consider a ‘low’ resolution
telescope in which the detector energy resolution ∆E/Eγ
is significantly larger than the width of the spectral line.
The signal photons may then be taken to be approxi-
mately mono-energetic, ρtrue(Eγ) = δ(Eγ − Eline), and
hence the telescope is expected to record photon ener-
gies distributed according to the detector energy disper-
sion function at the line energy, ρobs(E) = D(E|Eline).
In the presence of quantum nonequilibrium, we expect to
observe deviations from D(E|Eline).
A. De Broglie-Bohm description of model
To calculate how these deviations may appear in prac-
tice, we now provide a de Broglie-Bohm description of
the photon detector model introduced in section II. For
this we require a coordinate representation of the elec-
tromagnetic field. We work in the Coulomb gauge,
∇ ·A(x, t) = 0, with the field expansion
A(x, t) =
∑
ks
[Aks(t)uks(x) +A
∗
ks(t)u
∗
ks(x)] , (14)
where the mode functions
uks(x) =
εks√
2ε0V
eik.x (15)
and their complex conjugates define a basis, and V is a
normalisation volume that may be thought to correspond
loosely to the volume of the instrument. To avoid dupli-
cation of basis elements u∗
ks with u−ks, the summation
(14) should be understood to extend over only half the
possible wave vectors k. (See for instance Ref. [59].) This
expansion allows the energy of the electromagnetic field
to be written as
U =
1
2
∫
V
d3x
(
ε0E
2 +
1
µ0
B
2
)
(16)
=
∑
ks
1
2
(
A˙ksA˙
∗
ks + ω
2
kAksA
∗
ks
)
, (17)
where ωk = c|k|. Eq. (17) corresponds to a decoupled set
of complex harmonic oscillators of unit mass. We prefer
instead to work with real variables and so decompose Aks
into its real and imaginary parts
Aks = qks1 + iqks2. (18)
The free field Hamiltonian may then be written as
H0 =
∑
ksr
Hksr (19)
with r = 1, 2, where
Hksr =
1
2
(
p2ksr + ω
2
kq
2
ksr
)
(20)
and where pksr is the momentum conjugate to qksr.
The variables qksr and y are the configuration-space
‘beables’. Together they specify the configuration of the
field and pointer. By rescaling the beable coordinates,
Qksr =
√
ωk
~
qksr, Y =
y
σy
, (21)
and using the rescaled time parameter (13), the
Schro¨dinger equation may be written as2
∂TΨ+
1
2
∑
ksr
Ek
Eγ
(−∂2Qksr +Q2ksr − 1)∂YΨ = 0. (22)
The following de Broglie-Bohm guidance equations may
then be derived by using a similar method to that used
in [19] (based on general expressions derived in [60]):
∂TQksr =
Ek
Eγ
(
−1
3
Ψ∂Qksr∂YΨ
∗ +
1
6
∂YΨ∂QksrΨ
∗
+
1
6
∂QksrΨ∂YΨ
∗ − 1
3
Ψ∗∂2QksrΨ
)
/|Ψ|2, (23)
∂TY =
∑
ksr
Ek
Eγ
(
−1
6
Ψ∂2QksrΨ
∗ +
1
6
∂QksrΨ∂QksrΨ
∗
−1
6
Ψ∗∂2QksrΨ+
1
2
(
Q2ksr − 1
) |Ψ|2
)
/|Ψ|2.
(24)
These are the equations of motion for the ({Qksr}, Y )
configuration under a general quantum state. Prior to
the spectral measurement, one mode of the field ‘con-
tains’ a nonequilibrium photon of energy Eγ . The be-
able associated with this photon-carrying mode will be
referred to as Q. Henceforth, all summations or prod-
ucts over ksr should be understood to exclude the mode
that contains the photon. With this in mind, the wave
2 In Eqs. (22)–(24), Eγ should be understood to be a reference
energy that will later refer to the energy of the incident photon.
6function(al) of the pointer-field system may be written
as
Ψ = (2pi)−
1
4 exp
[
−1
4
(Y − T )2
]
︸ ︷︷ ︸
φ
× 2 12pi− 14Q exp
[
−1
2
Q2
]
︸ ︷︷ ︸
χ1
∏
ksr
pi−
1
4 exp
[
−1
2
Q2
ksr
]
︸ ︷︷ ︸
χ0
.
(25)
Here, φ is the pointer packet while χ0 and χ1 refer to
harmonic oscillator ground and first excited states re-
spectively. For this specific state the guidance Eqs. (23)
and (24) become
∂TQ =
1
6
(
1
Q
−Q
)
(Y − T ),
∂TQksr = −1
6
Ek
Eγ
Qksr(Y − T ),
∂TY =
1
6Q2
+
1
3
Q2 +
1
6
+
∑
ksr
Ek
Eγ
(
1
3
Q2
ksr −
1
6
)
.
(26)
The pointer is coupled to the total energy of the field.
Quantum-mechanically the vacuum modes are effectively
uncoupled from the pointer, as is evident from the simple
Schro¨dinger evolution (25). But in the de Broglie-Bohm
treatment the guidance Eqs. (26) describe a system in
which the beables of each vacuum mode, Qksr, are cou-
pled directly to the pointer, and through their interac-
tion with the pointer they are coupled indirectly to each
other. (For more details on the energy measurement of
a vacuum mode see [19].) This is accordingly a very
complex high-dimensional system. Since our purpose is
not to provide an accurate description of a real telescope
photon detector, but merely to provide illustrative, qual-
itative examples of possible phenomena, we now truncate
the model.
As a first approximation to the full de Broglie-Bohm
model of Eqs. (26), we consider a system in which the
pointer beable is decoupled from the vacuum mode be-
ables. In this reduced system, only the beable Q of the
excited mode affects the evolution of the pointer, and so
the system is effectively two dimensional.
B. Lengthscale of nonequilibrium spectral
anomalies
Rather than using the variable Y to track the evolution
of the pointer, it is convenient to translate this directly
into an energy reading. To this end, define the variable
devE := (E − Eγ) /∆E. This is the deviation from a
perfect energy reading in units of the detector energy
resolution ∆E, and is related to Y by devE = Y − T .
The truncated configuration space may then be spanned
FIG. 1. Periodic orbits in the configuration (Eq. (29)) pro-
duced by the guidance Eqs. (28) contrasted with the quantum
equilibrium distribution (27).
by coordinates (Q, devE). In terms of these coordinates,
the quantum equilibrium distribution
|Ψ|2 = 1√
2pi
exp
(
−1
2
devE2
)
2√
pi
Q2 exp
(−Q2) , (27)
and the guidance Eqs.
∂TQ =
1
6
devE
(
1
Q
−Q
)
,
∂TdevE =
1
6Q2
+
1
3
Q2 − 5
6
, (28)
are both time-independent. The guidance equa-
tions specify stationary orbits around points at
(±
√
5±√17/2, 0), with paths given by
constant = devE2/2 +Q2 − ln |Q| − ln |Q2 − 1|. (29)
These orbits are contrasted with quantum equilibrium in
figure 1. Each of the orbits corresponds to an energy
reading that oscillates between an overestimation and an
underestimation of the true photon energy Eγ . The ex-
tent of these oscillations is stationary with respect to the
energy scale ∆E (the detector energy resolution), rather
than any fixed energy scale. If considered on a fixed en-
ergy scale, the oscillations would appear to shrink as the
system evolves and the model, in effect, describes the
outcome of an increasingly high resolution telescope (ac-
cording to Eq. (13)). As a result, the model reflects the
discussion in section IIA–spectral anomalies caused by
quantum nonequilibrium should be expected to be ob-
served on the scale of the telescope energy resolution,
rather than any scale independent of the telescope.
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FIG. 2. The evolution of a nonequilibrium ensemble of model spectral measurements (represented by 10,000 points). The
individual trajectories that compose the nonequilibrium distribution are displayed in blue and the equilibrium distribution is
displayed in green. Only Q > 0 is shown as the behaviour is identical for Q < 0. Each frame displays the state at particular
time T in the evolution. Since ∆E/Eline = T
−1, each frame is also the final system state produced at a particular energy
resolution. The corresponding spectral line profiles (at the corresponding telescope energy resolutions) are shown in figure 3.
The initial nonequilibrium distribution for the field mode used in this figure is equal to the equilibrium distribution narrowed
by a factor of 4 (w = 1/4). In the model, much of the support of such w < 1 nonequilibrium distributions is confined to the
region |Q| < 1 with the result of producing sharp, narrowed spectral lines (see Fig. 3). Frame 6 shows the formation of the fine
structure that is a hallmark of quantum relaxation.
FIG. 3. Model spectral line profiles produced by a w = 1/4 quantum nonequilibrium (corresponding to the frames shown
in figure 2), contrasted with the expected line profile, D(E|Eline). Each frame corresponds to a particular telescope energy
resolution ∆E/Eline. (The third frame, for instance, shows a resolution of ∆E/Eline = 10%, approximately that of the Fermi-
LAT.) The lines are given by the marginal distribution in variable devE := (E − Eline)/∆E of the frames in figure 2. The
plots are histograms that have been normalised to represent a probability distribution (plotted on the vertical axis) and hence
there is a small amount of statistical fluctuation due to the finite sample size of 10,000. Frames 2-4 display distinct signatures
of quantum nonequilibrium that could be searched for in experimental data. These show features that are too narrow to be
conventionally resolved at the corresponding instrument resolution. Frame 3 also shows a clear double bump that could not be
resolved conventionally. These features are commonly produced by the model for w < 1 nonequilibria.
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FIG. 4. The evolution of an ensemble of model spectral measurements (represented by 10,000 points) subject to a w = 2 quantum
nonequilibrium. The individual beable configurations that compose the nonequilibrium ensemble are displayed in blue and the
equilibrium distribution is displayed in green. Each frame displays the ensemble at a particular time T in the evolution. Since
∆E/Eline = T
−1, these are also the ensembles found upon the completion of a measurement at the corresponding energy
resolution. Only Q > 0 is shown as the behaviour is identical for Q < 0. In the model, w > 1 quantum nonequilibrium
distributions find more of their bulk confined to the regions |Q| > 1 (see figure 1). For lower resolution measurements (frames 2
and 3) this results in an overestimation of the energy and a broadened line. Towards higher resolutions, fine structure develops,
leading to a partial quantum relaxation. Spectral line profiles at the corresponding energy resolutions are shown for w > 1
nonequilibrium in figure 5 (we have used w = 4 for clarity).
C. Introducing quantum nonequilibrium
As the quantum nonequilibrium evolves (and in effect
the system models an increasingly high resolution instru-
ment) we expect to see a dynamic relaxation that will
contribute transients. (For an introduction to the me-
chanics of quantum relaxation, see Refs. [6, 61].) In order
to provide explicit calculations displaying the line pro-
files produced by quantum nonequilibrium in the photon
detector model, we must first specify the initial nonequi-
librium photon distributions. There are, however, as yet
no a priori indications on the nature of the nonequilib-
rium distributions that could be present in the photon
statistics–the possible or likely shape and extent of the
deviations from the Born distribution remain an open
question. With this in mind, in order to provide a simple
parameterisation of sample nonequilibrium distributions
we use a ‘widening parameter’ w that acts to specify the
initial distribution as
ρ0(Q, devE) = |ψ0(Q/w, devE)|2/w. (30)
To investigate the consequences of introducing such pho-
ton quantum nonequilibrium into the model detector, en-
sembles of 10,000 configurations were evolved for each of
the widening parameters w = 1/16, 1/8, 1/4, 1/2, 2, 4, 8
using a standard Runge-Kutta (Cash-Karp) algorithm.
Representative snapshots of the resulting nonequilibrium
distributions and spectral lines are illustrated in figures
2 through 5.
Figure 2 shows snapshots in the evolution of the quan-
tum nonequilibrium for w = 1/4. (Only the Q > 0 half of
the configuration space is shown as the behaviour is iden-
tical for Q < 0.) Figure 3 contrasts the resulting spectral
lines (at the corresponding detector energy resolutions)
with the expected line profile, D(E|Eline).
In the model, trajectories are confined to fixed orbits
(displayed in figure (1)) that oscillate between devE > 0
where the photon energy is overestimated and devE < 0
where it is underestimated. Since larger orbits have a
larger period, trajectories that begin close to each other
(and so initially oscillate in phase) gradually desynchro-
nise. This produces swirling patterns in the configuration
space distributions that grow into fine structure, a hall-
mark of the process of relaxation in classical mechanics
and also in de Broglie-Bohm quantum theory.
At relatively low detector energy resolutions
(∆E/Eγ & 5%) trajectories are still mostly in phase and
so mostly grouped together. The corresponding spectral
line profiles appear narrower and sharper than could
conventionally occur. Since the instrument should not
be capable of resolving such a narrow line, lines of this
type, if observed, could represent strong evidence for the
presence of quantum nonequilibrium. See for instance
the second frame of figure 3, which displays such a nar-
rowed line at an energy resolution that approximately
matches that of the EGRET instrument. At an energy
resolution of ∆E/Eγ = 10%, which approximately
matches that of the Fermi-LAT, the distribution begins
to desynchronise creating a double-line. (See frame 3
9FIG. 5. Spectral line profiles produced by a w = 4 quantum nonequilibrium, contrasted with the expected line profile,
D(E|Eline). Each frame corresponds to a model telescope of a particular energy resolution. (The third frame, for instance,
shows a line produced by a model telescope with a roughly Fermi-LAT resolution of ∆E/Eline = 10%.) The horizontal axis
denotes the deviation from the true line energy in units of the telescope energy resolution ∆E. (For example, in absolute
energy units the expected profile of the spectral line in frame 3 is 100 times the width of that in frame 6.) The plots are
histograms that have been normalised to represent a probability distribution (plotted on the vertical axis) and hence there is
a small amount of statistical fluctuation due to the finite sample size of 10,000.
of figure 3.) These narrow and double line profiles are
common to all initial nonequilibrium distributions that
are sufficiently narrow in Q. At resolutions beyond
about ∆E/Eγ = 5% the model detector produces a
line profile that increasingly resembles the standard
profile. In principle, observation of the fine structure
(that is for instance shown frame 6 of figure 3) could
betray the presence of quantum nonequilibrium, though
it is unlikely that this fine structure will be evident in
data without a very large sample of readings (signal
strength).
Figure 4 shows snapshots in the evolution when a
widened (w = 2) nonequilibrium photon distribution is
introduced. Again, only the Q > 0 half of the config-
uration is shown. Representative spectral line profiles
generated by a widened (w = 4 for clarity) nonequilib-
rium distribution are shown in figure 5. For the w > 1
cases, more of the bulk of the ensemble density is situated
at |Q| & 2. In these regions, the guidance equations (28)
cause early pointer movement in the positive devE direc-
tion (see figure 1). Accordingly, ‘low’ resolution telescope
photon detectors produce an overestimated energy. This
is shown in frames 2 and 3 of figure 5, although the extent
of the overestimations may not be immediately evident.
To illustrate, in frame 2 the nonequilibrium line profile is
centred on approximately devE = 5 at an approximately
EGRET energy resolution of ∆E/Eγ = 20%. Conse-
quently, if such a line profile were discovered, it would be
likely attributed an energy of approximately double the
correct energy.
At increasing resolutions (as in the narrowed case) the
widened distributions begin to display structure. Dou-
ble and triple lines appear until at ‘high’ resolutions the
structure becomes fine enough that the line profile ap-
proaches an approximately stationary state with respect
to the instrument energy resolution. Frame 6 of figure 5
displays the profile of the w = 4 spectral line once it has
reached this stage. Note that the amount of line broaden-
ing may appear comparable at all resolutions in figure 5,
though this is of course only with respect to the energy
resolution. For instance, in frame 6 the energy resolu-
tion is 0.1%, which is equal to the expected conventional
broadening so that the effects of quantum nonequilibrium
and of conventional broadening would appear approxi-
mately the same size. In frame 3, on the other hand, the
energy resolution is 10% so that the broadening caused
by quantum nonequilibrium is approximately 2 orders of
magnitude larger than the conventional broadening.
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IV. DISCUSSION AND CONCLUSIONS
In this paper we have described possible experimen-
tal signatures of quantum nonequilibrium in the con-
text of hypothetical dark matter line spectra. Quantum
nonequilibrium (violation of the Born probability rule)
is a prediction of the de Broglie-Bohm pilot-wave inter-
pretation of quantum theory. The signatures we describe
are not possible in any of the other major interpretations.
Among the major interpretations of quantum mechanics,
de Broglie-Bohm is the only one that allows (in princi-
ple) arbitrary deviations from the Born probability rule.
In fact, most interpretations are observationally equiv-
alent to textbook quantum mechanics. The only other
exception is collapse models. These allow for anomalous
energy measurements, but for microscopic systems the
effects are tiny. The potential effect of collapse models
on spectral lines has in fact been studied [62]. It is found
that lines can be broadened and shifted. However, the
effects scale with the mass of the system and are far too
small to be observed for microscopic systems (such as
a hydrogen atom or an elementary particle, though the
effects might be measurable for macromolecules). In con-
trast, our effects have no particular dependence on mass
and in principle can be of order unity even for micro-
scopic systems. Thus, a confirmed discovery would serve
to distinguish de Broglie-Bohm theory from the other in-
terpretations (including textbook quantum theory).
An accessible source of quantum nonequilibrium could
also lead to the discovery of other new phenomena
[14, 22–25], potentially opening a large field of investiga-
tion. We have argued in section II that the indirect search
for dark matter through spectral lines is an experimental
field that is particularly well placed to observe experi-
mental signatures of quantum nonequilibrium (should it
exist). To support and illustrate our arguments, we have
introduced an idealised model of spectral measurement
intended to represent an X/γ-ray telescope photon de-
tector. Of course, this model has limited and debatable
applicability to actual experiment. The inner workings of
contemporary X/γ-ray telescopes are very complicated,
typically involving a great many interactions before an
estimate of the photon energy may be made. Our inten-
tion, however, is not to provide an accurate description
of such telescopes, but only to illustrate spectral features
that we argue are to be generally expected in the pres-
ence of quantum nonequilibrium. Moreover, since the no-
tion of quantum nonequilibrium is commonly regarded as
highly speculative, our intention is to highlight features
that are sufficiently exceptional that they might be diffi-
cult to account for with conventional physics.
The two complementary spectral effects that we re-
gard as the primary outcome of this work may be sum-
marised as follows. Firstly, as described in section II
and illustrated in figures 3 and 5, the effect of quantum
nonequilibrium is not to alter the true energy of the signal
photons, and hence the true energy spectrum ρtrue(Eγ),
but rather to alter the statistics of the interaction of the
detector with the photons, and hence the telescope en-
ergy dispersion functionD(E|Eγ). The spectral effects of
quantum nonequilibrium therefore appear on the length-
scale of the resolution of the detector (∆E/Eγ) rather
than any fixed energy scale as is the case with standard
spectral effects. We regard this as the essential difference
between conventional spectral effects and those caused
by quantum nonequilibrium. Telescopes that cannot re-
solve conventional sources of spectral broadening instead
effectively observe their own dispersion function at the
line (ρobs(E) = D(E|Eline)), and so quantum nonequi-
librium will produce the largest anomalies in these cases.
(Indeed it is interesting to note that the majority of cur-
rently operational X/γ-ray telescopes fall into this cat-
egory when considering the hypothetical 0.1% Doppler
broadened WIMP and sterile neutrino lines that we have
used as examples.) Secondly, as illustrated in section III,
in the presence of quantum nonequilibrium a dynamical
evolution is expected during the measurement process
and this will contribute deviations from the expected line
profile D(E|Eline). (See figures 3 and 5.) Such devia-
tions will be maximal in telescopes that do not disturb
the nonequilibrium too much. (In the model this corre-
sponded to ‘lower’ energy resolution.) It may be the case
that real telescopes are sufficiently complicated that they
degrade nonequilibrium entirely, making it effectively un-
observable, although to discount this possibility would
require a much more complicated (and potentially in-
tractable) model.
Taken together, these two effects mean that a number
of noteworthy profiles are possible. Lines may appear
narrower than the instrument is canonically capable of
resolving (see frames 2 and 3 of figure 3). Such an occur-
rence could only otherwise be due to instrumental error
or statistical aberration. It should in practice be possi-
ble to exclude these two alternate explanations and so
such a signal could represent strong evidence of quan-
tum nonequilibrium. Lines may appear split into two or
three or otherwise display structure (see frames 3-5 of
figure 3 and frames 3 and 4 of figure 5). Should it oc-
cur, line broadening will appear on the lengthscale of the
telescope energy resolution, which is commonly orders of
magnitude larger than that expected in the physical en-
ergy spectrum (see frames 2 and 3 of figure 5). For this
reason, narrow lines could be mistaken for broad sources,
confused with other nearby features or simply lost in the
background. Finally, it is important to note that the
line profile observed is as much a property of the tele-
scope photon detector as it is a property of the quantum
nonequilibrium. As such, two telescopes with large sets
of otherwise reliable data may disagree entirely on the
profile (or existence) of a line.
In the absence of any nonequilibrium distributions that
are more extreme than those we have considered, it seems
highly likely that the confirmed discovery of a dark mat-
ter spectral line would need to precede any investigation
into the cause of an anomalous line shape. After all, sig-
nal statistics that are significant enough to prove a spec-
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tral line has an anomalous shape would surely be signifi-
cant enough to prove the existence of the line in the first
place. Nevertheless, the presence of quantum nonequilib-
rium could have important consequences for the indirect
each for dark matter, and this is particularly true for
telescopes of lower spectral resolution, where nonequi-
librium could obfuscate the detection process, producing
ambiguous and anomalous results, making the discovery
of a spectral line more elusive.
In recent years there have been a number of claims of
line detections (all controversial), and these may provide
context for this last point. One such controversial line
was reported in the galactic dark matter halo at ∼133
GeV in Fermi-LAT data in 2012 by Refs. [45, 63]. This
was originally thought to be a possible WIMP annihila-
tion line [45], although its existence is now widely discred-
ited. Indications of instrumental error have been found
[38, 41], searches with access to more LAT data have re-
ported reduced significance [41, 42], and a recent search
with the ground-based H.E.S.S. II Cherenkov telescope
ruled out the line with 95% confidence [64]. It is interest-
ing to note, however, that one of the original reasons why
this feature was discredited as an actual signal was that it
seemed too narrow. In 2013 the Fermi collaboration dis-
puted the existence of the line, arguing that ‘the feature
is narrower than the LAT energy resolution at the level
of 2 to 3 standard deviations, which somewhat disfavours
the interpretation of the 133 GeV feature as a real WIMP
signal’ [41]. As we have seen, quantum nonequilibrium
could result in features which are narrower than the tele-
scope could canonically be capable of resolving. Indeed,
in our model this is commonly the case for telescope en-
ergy resolutions near 10% (frames 2-4 figure 3). For such
cases, our model also tends to produce multiple lines at
these resolutions (frame 3 figure 3) and, remarkably, two
prominent early proponents of the feature found it to be
marginally better fit by two lines at ∼111 GeV and ∼129
GeV (Refs. [46] and [65]).
A more recent (and yet to be resolved) controversy
surrounds a 3.5 keV line-like feature in data from X-
ray telescopes. The bulk of the original study that re-
ported the line (Ref. [49]) concerned the stacked spec-
trum of a large number of nearby galaxies and galaxy
clusters3 with the CCD instruments aboard the XXM-
Newton satellite. In this stacked study, Ref. [49] found
a faint line (a 1% bump above the background contin-
uum) with an unresolved profile, consistent with the de-
cay of a 7 keV sterile neutrino. Like γ-ray calorime-
ters, the CCD instruments employed are capable of sin-
gle photon energy measurements, albeit at a relatively
3 The advantages of a stacked study are two-fold. The available
sample size is enlarged and, as data from many different redshifts
are combined in the rest frame of the source, spectral features
with an instrumental origin are smeared over whilst features with
a physical origin are superposed; instrumental error is suppressed
and physical features are emphasised.
low ∼100 eV full-width-half-maximum (FWHM) resolu-
tion in this range. This is considerably larger than the
∼0.1% × 3.5 keV width of the hypothetical sterile neu-
trino line, and so the effects of quantum nonequilibrium
could also be significant in this context. Whilst the au-
thors reported the discovery with relatively large (> 3σ)
significance, they also noted some apparent anomalies in
their data. Chief amongst these was the fact that the
two separate XXM-Newton CCD instruments used for
the stacked study (the MOS and the pn) found best-fit
energies at 3.57 ± 0.02 keV and 3.51 ± 0.03 keV respec-
tively, a disagreement at a 2.8σ level [49]. Also, the best
fit flux from the Perseus Cluster appeared anomalously
large in data sets from both XMM-Newton and Chandra
instruments. (This high Perseus flux was confirmed by
an independent study using different XMM-Newton data
[50].) Both of these anomalies were however mitigated if
the flux of nearby K and Ar atomic transition lines were
allowed to vary from their theoretical values, albeit by
at least an order of magnitude. Since then, a number of
related studies have taken place using the CCD instru-
ments aboard the XMM-Newton, Chandra and Suzaku
satellites, and the Cadmium-Zinc-Telluride instruments
aboard the NuStar satellite. These paint a confusing
picture, with varying levels of detection certainty4 and
notable non-detections as for instance in Refs. [51, 67–
69]. For comprehensive reviews of these studies see Refs.
[70, 71]. Much of the uncertainty stems from two nearby
K XVIII lines at 3.47 keV and 3.51 keV [71]. These lines
are difficult to distinguish from the putative sterile neu-
trino line with ∼100 eV resolution instruments. This
matter should have been put to rest with the launch
of the Hitomi satellite in February 2016, which carried
aboard it the high-resolution SXS instrument, capable of
a resolution of ∆E ≃ 5 eV FWHM [52], close to that of
the theoretical 0.1% × 3.5 keV width of the sterile neu-
trino line. Unfortunately, the Hitomi satellite was lost
a month into its mission. Before this, however, it did
manage to collect some preliminary data on the Perseus
cluster [52, 72]. Hitomi did not detect the 3.5 keV line at
the anomalously high flux level detected by Refs. [49, 50],
ruling it out with > 99% confidence [52]. The Hitomi
study did not rule out the lower flux level of the stacked
sample in Ref. [49] however, so it is still possible this ex-
ists. It also gave no explanation of the reason behind the
high flux observations in Refs. [49, 50]. The next gen-
eration of high spectral resolution telescopes (XRISM,
Lynx, Athena) are due to become operational from the
early 2020s onwards.
For our purposes, the discourse that has surrounded
the 3.5 keV feature raises a number of relevant points.
For example, since stacked studies combine the notional
line at a range of redshifts, and telescope response is de-
4 Recently, Ref. [66] reported an 11σ detection in NuStar data
from the COSMOS and ECDFS empty sky fields, where a signal
from the Milky-Way dark matter halo is expected.
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pendent upon photon energy, these studies experience an
averaging effect in the observable consequences of quan-
tum nonequilibrium (similar to the smearing of instru-
mental error). Furthermore, since quantum nonequi-
librium is an ensemble property, it is dependent upon
how the ensemble is defined. There is no a priori rea-
son, for instance, why two galaxy clusters would produce
the same line profile. If galactic nonequilibrium distribu-
tions did indeed differ, then a stacked study would also
average over these, further suppressing nonequilibrium
signatures. In principle then, quantum nonequilibrium
could explain why the single Perseus source produced an
anomalous signal that was not observed in the stacked
sample. Since the observed nonequilibrium signatures
are dependent upon the instrument used, it could also ex-
plain why the MOS and pn instruments disagreed about
the line energy in the stacked spectrum and also why the
higher resolution Hitomi instrument did not observe the
anomalous Perseus signal.
Indeed, since quantum nonequilibrium is consistent
such a wide range of different anomalies5, it may never
be as credible as competing explanations with more re-
stricted predictions. Even the strongest evidence we have
described could be explained in terms of instrument er-
ror, and would differ from telescope to telescope. This is
not an insurmountable barrier to the discovery of parti-
cle quantum nonequilibrium, however. As we have noted,
we would expect the discovery of a line to be confirmed
before any significant inquiry into the cause of an anoma-
lous profile. Indeed, for the reasons we have outlined, it
may be the case that a confirmed line discovery will be
delayed until a telescope that is capable of resolving the
line width is available (in order to minimise the effects
of nonequilibrium). Before such a time, if consistently
anomalous signals were detected in lower resolution tele-
scopes, the presence of quantum nonequilibrium could
begin to be speculated upon and this might inspire a
more direct approach to its detection. A definitive proof
of the existence of quantum nonequilibrium could be ar-
rived at by subjecting the signal photons to a specifically
quantum-mechanical experiment. One suggestion along
these lines is to look for deviations from Malus’ law in
the polarization probabilities of the signal photons [23].
There are in fact many possible such experiments that
could work. Even a simple double slit experiment, for in-
stance, would show anomalous results–a blurring of the
interference pattern–in the presence of quantum nonequi-
librium. If the incoming photons show anomalies under
such tests then there could be little doubt that the Born
rule has been violated and that other interpretations of
quantum mechanics have failed.
There are clearly many ways in which our effects could
manifest in the search for dark matter, and there are
many practical reasons why our effects could turn out to
be obscured even if they exist. More work remains to be
done on these matters. Only time will tell whether any of
the scenarios we have outlined prove to be informative.
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